Abstract: Mechanical and electrochemical stability are key issues for large-scale production of solid state Li-ion batteries. Polymer electrolytes can provide good ionic conductivity, but mechanical strength needs to be improved. In this study, we investigate the correlation of mechanical and electrical properties of poly (ethylene oxide) (PEO)-based solid electrolytes for Li-ion batteries. The influence of alumina and LiClO 4 addition are investigated. Differential scanning calorimetry (DSC) is used to study the thermal behavior of salt-free and salt-containing samples and to identify the melting temperature. Dynamic mechanical analysis reveals the elastic properties as a function of temperature. Electrochemical properties are investigated using impedance spectroscopy. It is found that addition of alumina increases mechanical strength, while LiClO 4 decreases it. Addition of LiClO 4 and Al 2 O 3 increases ionic conductivity and improves mechanical properties. However, there is no overlapping window of high mechanical strength and high ionic conductivity.
Introduction
Development of more efficient energy storage devices is a key challenge of our time. Digitalization and miniaturization of electronic devices, as well as transformation of mobility toward electric concepts, have significant impact on our societies. Today, limited energy storage capabilities inhibit further advances in many fields, such as mobile communication and electric mobility. Future batteries need to be compact, safe, environmentally benign, and cost-efficient.
Current Li-ion technology is still making steady progress. There are constraints, however, due to the materials currently in use. Novel materials, such as high voltage cathode materials or lithium-metal anodes, require advanced electrolyte materials in order to function in a proper and safe way.
All-solid state batteries (ASSBs) are one promising candidate for the next-generation technology due to their high energy density, increased safety, and the possibility to use alternative electrode materials, such as metallic Li, as an anode material and cobalt-free high voltage spinels as cathode materials [1] .
A multitude of materials has been introduced as viable ion-conducting solid state materials for ASSBs: oxide-based ceramics (most prominently, Li 1.3 Al 0.3 Ti 1.7 (PO 4 ) 3 [2, 3] and Li 7 La 3 Zr 2 O 12 [4, 5] ), sulfides [6, 7] , glasses (i.e., lithium phosphorus oxynitride (LiPON) [8] ), and polymers [9, 10] . Oxides have been reported to be chemically stable when exposed to the environment [4] , which is a clear 
Influence of Li Salt and Alumina on PEO Thermal Properties
The thermal behavior of chosen samples was investigated with respect to melting events and degree of crystallinity using DSC. In Figure 1 , the heat flow of the second heating cycle of composite electrolyte (CPE) and PEO samples with 0 wt%, 10 wt%, and 15 wt% Al 2 O 3 is depicted.
Batteries 2019, 5 FOR PEER REVIEW 3 The thermal behavior of chosen samples was investigated with respect to melting events and degree of crystallinity using DSC. In Figure 1 , the heat flow of the second heating cycle of composite electrolyte (CPE) and PEO samples with 0 wt%, 10 wt%, and 15 wt% Al2O3 is depicted. For pure PEO without any additions (black dotted line), one broad endothermic peak can be observed in the investigated temperature range. The peak indicates the melting of the partially crystalline PEO with the peak maximum at Tm = 76 °C. The addition of alumina particles to the polymer only leads to marginal shift of the DSC signal to lower temperatures with Tm = 73 °C. The shape of the peak, however, becomes narrower, indicating a reduced crystallinity, which is proportional to the area below the peak. Ceramic particles are known to inhibit the arrangement of polymer chains and, therefore, crystallization, leading to a higher amorphous content in the samples. Indeed, the calculated degree of crystallinity decreases linearly with increasing alumina content. The degree of crystallinity has been determined from the peak area and is listed in Table 2 . The enthalpy of melting of a theoretically 100% crystalline PEO sample was taken as ΔHm,calc = 196.4 J/g [34] , and compared to the enthalpy values calculated from the DSC curves.
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ωPEO is the mass fraction of PEO within the respective sample since it is assumed that LiClO4 and Al2O3 only contribute to a minor degree within the investigated temperature range. For pure PEO without any additions (black dotted line), one broad endothermic peak can be observed in the investigated temperature range. The peak indicates the melting of the partially crystalline PEO with the peak maximum at T m = 76 • C. The addition of alumina particles to the polymer only leads to marginal shift of the DSC signal to lower temperatures with T m = 73 • C. The shape of the peak, however, becomes narrower, indicating a reduced crystallinity, which is proportional to the area below the peak. Ceramic particles are known to inhibit the arrangement of polymer chains and, therefore, crystallization, leading to a higher amorphous content in the samples. Indeed, the calculated degree of crystallinity decreases linearly with increasing alumina content. The degree of crystallinity has been determined from the peak area and is listed in Table 2 . The enthalpy of melting of a theoretically 100% crystalline PEO sample was taken as ∆H m,calc = 196.4 J/g [34] , and compared to the enthalpy values calculated from the DSC curves.
ω PEO is the mass fraction of PEO within the respective sample since it is assumed that LiClO 4 and Al 2 O 3 only contribute to a minor degree within the investigated temperature range.
According to Equation (1), the crystallinity of the pure PEO used in this study was determined to be 73%. Addition of alumina lowered the PEO's crystallinity to 50-57%. Overall, however, the changes in thermal behavior due to alumina addition are only minor compared to the addition of LiClO 4 .
On the other hand, the presence of the Li salt LiClO 4 affects the thermal behavior significantly. Comparing the DSC graph of the solid polymer electrolyte (SPE) sample (black solid line) with the PEO sample (black dotted line), both showed an endothermic peak. The addition of LiClO 4 , however, causes the peak shift to lower temperatures (T m = 60 • C), combined with a decrease in peak intensity. That lowers the melting temperature has been reported for PEO 16 LiClO 4 electrolytes before [20, 35] and is attributed to the complex formation between the Li cation and the polymer chain. The calculated crystallinity decreases to 36%, 27%, and 20% for SPE, SPE-10, and SPE-15, respectively, showing a strong influence of the Li salt on PEOs crystallization. Thus, Li salt addition decreases the degree of crystallinity of SPE and the appropriate composites to half of the PEO value. Comparing the crystallinity values with respect to alumina and Li salt addition, LiClO 4 shows a greater impact by lowering the crystallinity of PEO from 73% to 36%, compared to the addition of 15 wt% alumina (crystallinity 50%). Hence, the further addition of alumina to SPE to create CPEs causes a comparably small reduction in crystallinity.
Thermomechanical Properties
The mechanical properties as a function of temperature were determined using DMA. Representative results are depicted in Figure 2 , showing the storage modulus E and the loss modulus E" of the samples PEO and SPE, as well as PEO-15 and CPE-15. E is shown with solid lines, while E" is drawn in dashed lines. The storage modulus E describes elastic properties of the sample, while the loss modulus E" corresponds to dissipated energy transformed into heat.
Batteries 2019, 5 FOR PEER REVIEW 4 According to Equation (1), the crystallinity of the pure PEO used in this study was determined to be 73%. Addition of alumina lowered the PEO's crystallinity to 50%-57%. Overall, however, the changes in thermal behavior due to alumina addition are only minor compared to the addition of LiClO4.
On the other hand, the presence of the Li salt LiClO4 affects the thermal behavior significantly. Comparing the DSC graph of the solid polymer electrolyte (SPE) sample (black solid line) with the PEO sample (black dotted line), both showed an endothermic peak. The addition of LiClO4, however, causes the peak shift to lower temperatures (Tm = 60 °C), combined with a decrease in peak intensity. That lowers the melting temperature has been reported for PEO16LiClO4 electrolytes before [20, 35] and is attributed to the complex formation between the Li cation and the polymer chain. The calculated crystallinity decreases to 36%, 27%, and 20% for SPE, SPE-10, and SPE-15, respectively, showing a strong influence of the Li salt on PEOs crystallization. Thus, Li salt addition decreases the degree of crystallinity of SPE and the appropriate composites to half of the PEO value.
Comparing the crystallinity values with respect to alumina and Li salt addition, LiClO4 shows a greater impact by lowering the crystallinity of PEO from 73% to 36%, compared to the addition of 15 wt% alumina (crystallinity 50%). Hence, the further addition of alumina to SPE to create CPEs causes a comparably small reduction in crystallinity.
The mechanical properties as a function of temperature were determined using DMA. Representative results are depicted in Figure 2 , showing the storage modulus E' and the loss modulus E'' of the samples PEO and SPE, as well as PEO-15 and CPE-15. E' is shown with solid lines, while E'' is drawn in dashed lines. The storage modulus E' describes elastic properties of the sample, while the loss modulus E'' corresponds to dissipated energy transformed into heat. A characteristic change in E vs. temperature is observed at distinctive temperatures. PEO shows a moderate decrease in the storage modulus E at low temperatures, above the transition temperature, however, E´decreases rapidly. This change can be attributed to the melting of PEO. Fitting the two distinctive regions with linear tangents and determining the melting point from their intersection, a value of 67 • C is obtained. This value is slightly lower than the temperature of melting observed using DSC. Considering the lower heating rate in the DMA compared to DSC, the value obtained using DMA is expected to be lower and closer to an equilibrium melting temperature.
The addition of alumina particles increases the absolute values of E , but does not change the qualitative behavior of the mechanical properties. Although the storage modulus E at low temperature (i.e., , 0 • C) increases from 1200 to 1700 MPa when increasing the alumina concentration from 0% to 15%, the improvement is minor. Similar to the DSC results, the addition of alumina does not change the determined melting temperatures.
The addition of LiClO 4 to the polymer, however, drastically changes the thermomechanical properties. Overall, the absolute values of E of SPE are decreased by addition of LiClO 4 across the entire investigated temperature range. In fact, the low temperature E value of 700 MPa for SPE is only half of the PEO value. Furthermore, E of SPE decreases more rapidly with increasing temperature compared to PEO and the difference between low and high temperature in E are less pronounced in SPE.
The further addition of alumina to SPE has a more pronounced influence in E . The low temperature E (1690 MPa) of CPE-15 is comparable to the E of PEO-15. However, while the decrease in the storage modulus with increasing temperature is moderate below the melting point, it is more rapid at high temperatures above the melting point, compared to SPE.
At 30 • C, the storage modulus obtained for PEO is 1000 MPa. The addition of alumina increases the storage modulus with a maximum of 1415 MPa at alumina content of 15 wt%. By contrast, the storage modulus is only a third (321 MPa) when adding Li salt. The further addition of alumina to SPE increases the storage modulus. The initial 5 wt% Al 2 O 3 addition has much greater influence on the increase in storage modulus than further increasing the particle content to 20 wt%. For all CPEs, the storage modulus E is increased to 810-950 MPa with little variation with respect to the alumina concentration. The E values at 30 • C obtained for all samples are summarized in Table 3 . Although the loss modulus E" shows a similar temperature dependence (decrease of E" with increasing temperature), the effect of alumina and LiClO 4 is quite different. PEO displays a nearly temperature-independent E" below the melting point and a rapid decrease in E" above the melting point. The addition of alumina to PEO (PEO-15) leads to an overall moderate increase in E", whereas the addition of LiClO 4 drastically increases E" at low temperatures. With increasing temperature, an almost logarithmic decrease in the loss modulus is observed and the melting point cannot be determined from this graph. The further addition of alumina to SPE increases the E" values further, but does not influence the general temperature dependence of Li salt-containing samples.
There is no point of intersection between the E and E" graphs of any of the investigated samples. The E values are higher than the E" values across the entire investigated temperature range. Hence, the elastic properties dominate the thermomechanical properties of the samples and the viscoelastic properties are only minor.
In conclusion, both the addition of LiClO 4 and the addition of alumina influence the thermomechanical properties of PEO. Samples containing LiClO 4 have a lower storage modulus and slightly more viscous behavior (higher loss modulus). This shows that crystallinity is reduced in PEO by LiClO 4 addition.
Although the addition of alumina particles further decreases the crystallinity, as determined by DSC, the high stiffness of the ceramic particles can increase the stiffness (storage modulus) to values surpassing the stiffness of pure PEO. However, the decrease in melting temperature and, consequently, premature loss in mechanical stability cannot be overcome.
EIS-Li-ion Conductivity Versus Mechanical Integrity
For possible application as solid state electrolytes, a sufficient ionic conductivity of the CPE samples is essential. Hence, the Li-ion conductivity was determined from EIS measurements. Since the PEO samples do not contain any mobile ion species due to the lack of Li salt, only the SPE samples were determined with EIS. Figure 3 shows representative Nyquist plots of the sample SPE at various temperatures.
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Ionic conductivity was calculated from the resistance (low frequency end of the semicircle at low temperatures, or the intersection of the Z'-axis and the respective tails at high temperatures) and the sample geometry. In Figure 4 , the calculated ionic conductivities for SPE and CPE-5 to CPE-20 are displayed as a function of temperature.
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For comparison of mechanical and electrical results, the storage modulus and ionic conductivity of the CPE samples are correlated in Figure 7 .
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For comparison of mechanical and electrical results, the storage modulus and ionic conductivity of the CPE samples are correlated in Figure 7 . It can be seen that the addition of small amounts (5 wt%) of alumina particles to the SPE not only increases the ionic conductivity, but also the mechanical stability. However, while the increase in stiffness is more than twofold, the increase in ionic conductivity is far smaller. Furthermore, the addition of 10 wt% alumina, which results in the maximum increase in conductivity reported here, is accompanied with the lowest storage modulus of alumina-reinforced composites investigated here. Hence, while from the mechanical point of view, a higher filling degree with ceramic particles may have more positive results on the mechanical stability, the ionic conductivity will most likely suffer from the high amount of inert particles.
One further striking observation in this study is that the mechanical strength of the material drops at temperatures well below those where the ionic conductivity reaches values suitable for application (>10 −4 S/cm). DMA results show that mechanical strength of CPE can only be maintained to the onset of melting (5 to 10 °C below the melting temperature determined using DSC). Ionic conductivity at this point is still considerably lower than conductivity above the melting temperature.
Materials and Methods

Preparation of Solid Electrolyte Samples
Polymer and solid polymer electrolyte samples comprising polyethylene oxide (PEO, Mw = 100,000 g/mol, Alfa Aesar, Karlsruhe, Germany), lithium perchlorate (LiClO4, 99.9 %, battery grade, Sigma Aldrich, Munich, Germany), and varying amounts of aluminum oxide (Al2O3, median particle size 5.1 µm, Nabaltec, Schwandorf, Germany) were prepared. All chemicals were dried in vacuum for 12 hours and transferred into an Ar-filled glovebox (MBraun, H2O and O2 <0.1 ppm) before use. All further steps were carried out inside an Ar-filled glove box to avoid any contamination with H2O, which might be detrimental to material properties. First, appropriate amounts of all components were mixed in acetonitrile. A laboratory-scale magnetic stirrer was used for the dissolution of PEO and LiClO4 and dispersion of Al2O3. Stirring was continued until a homogeneous dispersion was obtained. The dispersion was cast onto a PTFE dish to a level of It can be seen that the addition of small amounts (5 wt%) of alumina particles to the SPE not only increases the ionic conductivity, but also the mechanical stability. However, while the increase in stiffness is more than twofold, the increase in ionic conductivity is far smaller. Furthermore, the addition of 10 wt% alumina, which results in the maximum increase in conductivity reported here, is accompanied with the lowest storage modulus of alumina-reinforced composites investigated here. Hence, while from the mechanical point of view, a higher filling degree with ceramic particles may have more positive results on the mechanical stability, the ionic conductivity will most likely suffer from the high amount of inert particles.
One further striking observation in this study is that the mechanical strength of the material drops at temperatures well below those where the ionic conductivity reaches values suitable for application (>10 −4 S/cm). DMA results show that mechanical strength of CPE can only be maintained to the onset of melting (5 to 10 • C below the melting temperature determined using DSC). Ionic conductivity at this point is still considerably lower than conductivity above the melting temperature.
Materials and Methods
Preparation of Solid Electrolyte Samples
Polymer and solid polymer electrolyte samples comprising polyethylene oxide (PEO, M w = 100,000 g/mol, Alfa Aesar, Karlsruhe, Germany), lithium perchlorate (LiClO 4 , 99.9%, battery grade, Sigma Aldrich, Munich, Germany), and varying amounts of aluminum oxide (Al 2 O 3 , median particle size 5.1 µm, Nabaltec, Schwandorf, Germany) were prepared. All chemicals were dried in vacuum for 12 h and transferred into an Ar-filled glovebox (MBraun, H 2 O and O 2 <0.1 ppm) before use. All further steps were carried out inside an Ar-filled glove box to avoid any contamination with H 2 O, which might be detrimental to material properties. First, appropriate amounts of all components were mixed in acetonitrile. A laboratory-scale magnetic stirrer was used for the dissolution of PEO and LiClO 4 and dispersion of Al 2 O 3 . Stirring was continued until a homogeneous dispersion was obtained. The dispersion was cast onto a PTFE dish to a level of several millimeters, and stored inside the glove box at room temperature for at least 48 h to allow for evaporation of all solvent. After drying, the product was removed from the PTFE dish and extruded by a laboratory-sized extruder (HAAKE Minilab II, Thermo Scientific, Germany). The melt extrusion process was included for compacting and homogenizing of the material, as the drying process leaves behind voids previously occupied by solvent. Those voids would potentially reduce the quality of the solid electrolyte by reducing mechanical strength and hindering ion transport. Continuous stripes of ca. 2 × 1 mm 2 free of voids were obtained after extrusion as a semifinished product for further analysis. Table 1 gives the composition of each sample produced for this study. In total, 10 different compositions were produced by the method described above. One composition of solid polymer electrolyte PEO 16 LiClO 4 (SPE) was prepared. The ratio of PEO to LiClO 4 was kept constant in all cases to maintain the ratio of ethylene oxide monomer units (n(EO)) and lithium ions (n(Li)) at 16:1. In addition, 4 compositions of composite polymer electrolytes (CPE-5, CPE-10, CPE-15, and CPE-20) comprising PEO 16 LiClO 4 electrolyte containing different amounts of Al 2 O 3 were prepared. The Al 2 O 3 content varied between 0 and 20 wt% in steps of 5 wt%. For reference and investigation of the effect of Li salt addition, 5 samples containing only PEO and alumina were also prepared without the Li salt and are labeled PEO, PEO-5, etc.
Analytical Methods
Differential scanning calorimetry (DSC, STA 449F3, Netzsch, Germany) measurements were carried out for selected samples to investigate the influence of Al 2 O 3 and LiClO 4 addition on the thermal properties of polymer electrolyte. Small amounts of extruded sample were heated from 25 to 150 • C at 5 K/min. Two heating/cooling cycles were carried out. The first heating/cooling run was included for sample conditioning only, and not used for material evaluation.
Temperature-dependent dynamic mechanical analysis (DMA) was used for determination of complex Young's modulus. Rectangular-shaped samples with dimensions 10 × 18 × 2 mm 3 were produced from the extruded solid electrolyte by a custom-made forming mold. Strips of extruded samples were loaded in the cavities. After heating to 100 • C in vacuum, the die was closed with a top plate by tightening the screws at the edge of the top plate. The material was then allowed to cool down in vacuum and the resulting rectangular blocks were removed from the mold. DMA measurements were performed with a dynamic mechanical analyzer (DMA 2980, TA Instruments, New Castle, IN, USA) in single cantilever mode at 1 Hz and 10 µm amplitude. An upwards temperature ramp of 2 K/min was applied in the range of 0 to 80 • C. The exact sample geometry was measured and used for evaluation of each individual measurement. DMA results were obtained in the form of temperature-dependent storage modulus E and loss modulus E". E and E" stand for the elastic and the viscous portions of E, respectively. SEM images were taken with a Phenom ProX (Quantum LOT). Impedance spectroscopy (EIS) was used to determine ionic conductivity of the produced solid electrolyte samples as a function of temperature. Preparation of the test cells was performed in an Ar-filled glove box. Thin solid electrolyte discs (150 µm thick) were produced by hot pressing small amounts of the extruded material. Typically, 60-80 mg was heated to 100 • C in vacuum and subsequently hot-pressed for at least 1 minute. After pressing, discs of 16 mm diameter were punched from the produced foils and placed in the center of a 150 µm-thick PP spacer ring (outer diameter 18 mm, inner diameter 16 mm). The ring was included to provide additional mechanical stability during testing and avoid short-circuiting of the cell. Samples were contacted by two pieces of 50 µm thick stainless steel foil. The sandwich was then placed in an EL-Cell test case (ECC-STD, EL-Cell, Hamburg, Germany). A Gamry Reference 600 potentiostat (Gamry Instruments, Warminster, PA, USA) was used for EIS measurements. Measurements were performed in a frequency range of 10 6 -10 −1 Hz at 10 mV amplitude. Prior to the first measurement, the cells were heated to 80 • C. EIS was performed with a descending temperature range from 80 to 30 • C in 10 • C steps. Each temperature was kept for 1 h before the start of the EIS measurement to allow for temperature equilibration within the test setup.
Conclusions
Mechanical and electrical properties of PEO-based composite polymer electrolytes for Li-ion batteries were investigated in this study. It is shown that both addition of LiClO 4 and microparticles of alumina (ca. 5 µm) have distinctive influence. While the melting temperature is hardly influenced by alumina particles, DSC and DMA clearly show that the Li salt reduces the melting temperature and mechanical stiffness considerably. While addition of alumina to solid polymer electrolyte increases the mechanical stiffness, the melting temperature remains low. Analysis of the impedance spectroscopy data confirmed that the increase in ionic conductivity for Li + in the polymer is directly connected to change in material structure from semicrystalline to amorphous and melted.
DMA further reveals that the mechanical strength of the polymer samples decreased some 5 to 10 K below the transition temperature determined from DSC and EIS. Addition of LiClO 4 increases the gap between the transition temperature determined with EIS and DMA. No overlapping window of high mechanical strength and high ionic conductivity could be found. Thus, stabilization of PEO/LiClO 4 electrolyte by only introducing of inert ceramic particles, with particles sizes in the micrometer up to 20 wt%, does not seem feasible. One possible solution would be the development of hybrid structures comprising polymer solid electrolyte and a rigid superstructure. This will be subject to future studies.
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